Schizosaccharomyces pombe [1-3], but unlike other unicellular organisms, S. pombe has two structurally distinct myosin-IIs, Myo2p and Myp2p, which are required under different conditions [4] . Disruption of myo2 + is lethal, whereas disruption of myp2 + leads to defects in cytokinesis when nutrients are limiting and to cold-sensitivity in 1 M KCl. In dividing cells, both myosin-IIs localize to a ring in the center of the cell, which is thought to contract, separating the cytoplasms of the daughter cells. Using deconvolution microscopy, we obtained three-dimensional reconstructions of fission yeast cells expressing green fluorescent proteinlabeled (GFP)-myosin-II, providing for the first time detailed images of GFP-myosin-II rings. By time-lapse microscopy, we observed ring assembly and contraction in three dimensions using GFP-tubulin as a cell cycle marker. We determined that the Myo2p ring forms in metaphase/anaphase A whereas the Myp2p ring forms much later, at the end of anaphase B. Myo2p initiates ring formation while Myp2p acts later to increase the efficiency of cytokinesis. 
The strains used for microscopy contained an integrated copy of GFP-myp2 or GFP-myo2 controlled by the nmt1 + promoter. GFP-Myo2p and GFP-Myp2p are functional [1, 3] . As GFP-myosin-IIs were expressed from an exogenous promoter, we investigated their expression levels. GFP-Myo2p was expressed at the same levels as Myo2p in an untagged strain and GFP-Myp2p was expressed at the same levels as untagged Myp2p ( Figure 1a ). As untagged Myo2p was not detectable in the GFP-myo2 strain (Figure 1a) , we reasoned that a gene conversion event had disrupted the endogenous myo2 + gene (see Supplementary material). Thus, the GFP-myo2 strain carries one functional copy of myo2 + , which is tagged with GFP and expressed at the same level as endogenous Myo2p. The integrated GFP-myp2 strain has two-fold more Myp2p than the wild type.
Deconvolution microscopy of GFP-myosin-II strains
In an exponentially growing culture, GFP-Myo2p formed two different structures midway between the ends of the cell. Some cells had very clear rings of GFP-Myo2p, varying in diameter from cell to cell (Figure 1b, arrows) . In other cells, GFP-Myo2p accumulated in patches just inside the plasma membrane (Figure 1b, arrowheads and Figure 1h ). All GFP-Myo2p cells also had a low level of diffuse cytoplasmic fluorescence, which tended to be higher in cells without patches or rings. GFP-Myp2p also formed rings of various diameters in different cells (Figure 1d, arrows) . In contrast to GFP-Myo2p, however, GFP-Myp2p formed a variable number of fluorescence spots but no detectable diffuse cytoplasmic fluorescence.
To understand how these myosin-II structures relate to the cell cycle, we used GFP-tagged α-tubulin (GFP-tubulin) as a marker for the stages of mitosis [5] . The length of the spindle provides a ruler to judge the time of mitotic events ( Figure 2a ). In particular, three phases of differential microtubule elongation define prophase/prometaphase, metaphase/anaphase A and anaphase B [6] . In interphase, a basket of cytoplasmic microtubules spans the cell length (Figure 1f,g, arrows) . In mitosis, cytoplasmic microtubules depolymerize and reassemble into the mitotic spindle inside the nucleus. The early spindle is near the middle of the cell (indicated by i in Figure 1g ). As mitosis proceeds, the spindle lengthens (Figure 1f , ii). Late in mitosis, astral microtubules emanate tangentially from the ends of the spindle (Figure 1g, iii) . As localization of GFP-tubulin is distinct from that of either GFP-myosin-II, we visualized both proteins simultaneously. The structures formed by GFP-tubulin and GFP-myosin-II are readily distinguished (Figure 1c,e) .
We determined the time course of ring formation by Myp2p and Myo2p, using time-lapse microscopy together with deconvolution. These three-dimensional images are the most definitive way to visualize ring formation. Deconvolution uses a low level of exciting light, making prolonged time-lapse acquisition possible. Using GFP-tubulin as a cell cycle marker, we observed GFP-Myo2p ring formation (Figure 2a, top, and 3a) . Initially, both cells in Figure 3a were in interphase, with diffuse cytoplasmic fluorescence attributable to GFP-Myo2p and bundles of microtubules spanning the length of the cell. Within 6 minutes, microtubules in the lower cell depolymerized. Fluorescence accumulated in spots near the middle of the cell. One spot, more intense than the others, formed the spindle when all cytoplasmic microtubules had disappeared. The less intense GFP-Myo2p fluorescent patches accumulated in a broad band around the circumference of the cell. Over 30 minutes, these patches came together forming a ring when the spindle was ~3 µm long, representing metaphase/anaphase A as seen in a similar cell (Figure 2a , top). A fully formed ring is 3.4 µm in diameter and 0.6 µm wide. Over the following 30 minutes, the spindle elongated but the GFP-Myo2p ring did not change. The ring began to contract in interphase, when cytoplasmic microtubules reappeared. The ring contracted at a relatively constant rate for the next 30 minutes to a spot in the middle of the cell.
The assembly and time course of formation of the GFP-Myp2p ring (Figure 2a , bottom, and 3b) differed significantly from those of GFP-Myo2p. Interphase GFP-Myp2p localization was more variable; cells contained from 0 to ~10 fluorescent spots, varying in size and fluorescence intensity. When a spot was present (Figure 3b) , it moved early in mitosis to the center of the cell near the forming spindle. When the spindle was 3 µm long and a GFP-Myo2p ring was fully formed, GFP-Myp2p remained concentrated in a spot. At an average spindle length of 11.5 µm (n = 10), representing mid-anaphase B, GFP-Myp2p rings formed from the spot. Rings were slightly discontinuous at first, but quickly (within 6 minutes) the fluorescence became continuous around the equator (Figure 2a, bottom) . If there were multiple spots, one was part of the ring and the others were near the ring. The GFP-Myp2p ring was present at its widest diameter of 3 µm for only 6 minutes (Figure 3b ) to 12 minutes (Figure 2a, bottom) , differing from GFP-Myo2p, present at its widest diameter for 30 minutes (Figure 2a, top, and 3a) . The GFP-Myp2p ring contracted to a bright spot in approximately 30 minutes during interphase, paralleling the time course of contraction for GFP-Myo2p (Figure 2a ).
The substructure of GFP-Myo2p rings differed from that of GFP-Myp2p rings. In higher resolution images of GFP-myosin-II reconstructed from a larger number of sections than the time-lapse series, GFP-Myo2p rings appeared beaded around most of their circumference (Figure 2b, top) , whereas GFP-Myp2p rings appeared continuous except for one large region of high intensity fluorescence. This region represents the GFP-Myp2p spot observed during interphase, which joined the ring during mitosis (Figure 2b, middle) . GFP-tubulin fluorescence was also patchy along microtubule bundles (Figure 2b, bottom) . Both GFP-Myo2p and GFP-Myp2p rings contracted to spots in the center of the cell. The spots remained near the new end of each daughter cell for some time, varying from cell to cell. Eventually the spots moved away. The GFP-Myo2p spots usually disappeared, whereas the GFP-Myp2p spots remained for the time observed and some moved along microtubule bundles (Figure 3c ). In cells with multiple GFP-Myp2p spots, however, some spots moved independent of obvious microtubule bundles (Figure 3d ).
Using time-lapse microscopy and three-dimensional reconstructions, we have documented in detail how Myo2p and Myp2p assemble into rings in the cleavage furrow. Myo2p forms a ring early in metaphase/anaphase A, long before Myp2p, which forms a ring towards the end of anaphase B. This is consistent with the observation that myo2 + is essential under most conditions and loss of myp2 + has no obvious phenotype in rich media. When cells are challenged by lack of nutrients, however, Myp2p function is needed. The observation that Myp2p joins the ring later is consistent with a role late in cytokinesis and consistent with observed genetic interactions between myp2 + deletions and genes required for septum formation [3] . Thus, Myo2p is required to form the ring initially and Myp2p may be required later to improve the efficiency of cytokinesis and possibly link septum formation to actomyosin ring contraction.
The beaded substructure of GFP-Myo2p rings (Figure 2b) is reminiscent of the myosin-II spots in contractile rings of Dictyostelium [7] , Acanthamoeba [8] , and HeLa cells [9] , attributed to the assembly of bipolar filaments. However, GFP-tubulin fluorescence is also discontinuous along microtubule bundles. For GFP-tubulin, the spotty fluorescence is probably due to random incorporation of labeled and unlabeled subunits into the microtubules, as observed in other cells microinjected with a small amount of rhodamine-tubulin [10] . As GFP-Myo2p is the only Myo2p present, the patches that accumulate into rings with beaded substructure may represent Myo2p assemblies such as bipolar filaments. The GFP-Myp2p ring substructure is different. GFP-Myp2p rings have one high intensity peak associated with a ring. We believe the peak originates from a cytoplasmic GFP-Myp2p spot present in that cell before mitosis.
Discrete GFP-Myo2p fluorescence was visible only during mitosis and cytokinesis. After ring contraction, GFP-Myo2p remained as a spot, which usually disappeared after cell division. During interphase, a slight diffuse green fluorescence was present throughout the cytoplasm in GFP-myo2 cells, suggesting that interphase Myo2p is soluble or at least dispersed in assemblies that cannot be resolved. In GFP-myp2 cells, all of the fluorescence was concentrated in spots, which varied in size and fluorescence intensity. The fluorescent spots were identical in GFP-myp2 strains with a disrupted copy of myp2 + or with a wild type copy of myp2 + . Furthermore, the integrated GFP-myp2 was able to complement all growth defects of a myp2 + deletion strain in 1 M KCl (data not shown). These spots are not due to the presence of two copies of the myp2 + gene but may result from the insolubility of the Myp2p tail [4] . Myp2p spots moved in interphase, as do other components of the cleavage furrow, such as Cdc12p. Cdc12p localizes to a cytoplasmic spot similar in size and shape to the smaller Myp2p spots and appears to move along both actin filaments and microtubules [11] .
Supplementary material
Supplementary material including movies of the cells shown in Figures  1,3 , a table of yeast strains used and additional methodological details is available at http://current-biology.com/supmat/supmatin.htm. 
